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Surface geochemical measurements and the morphology of volcanic structures imaged

from orbit indicate that the surface of Venus is dominated by basalt. Even unusual

geochemical signatures and volcanic landforms suggestive of silicic lavas are consis-

tent with mafic to intermediate bulk compositions. Gravity data indicate that the mean

thickness of the crust is 20 to 50 kin; 30 km is the value preferred here. The planet's

srnooth hypsometry and the dominance of deep isostatic compensation argue that the

crust has a comparatively uniform thickness, departing significantly only in the tessera

highlands. The crust at present occupies 1 to2% oftbe total volume of Venus. By cot)-

trast, Earth's present fractional volume of basaltic crust is _0.5%, but may integrate to

10% over the last 4 Gyr due to crustal recycling. In spite of the recent evidence from

the Magellan mission that Venus underwent strong volcanotectonic resurfacing at or

before several hundred million years ago, it is still unknown whether such resurfacing

included significant crustal recycling. Recycling is required if the bulk of the present

crust was generated by horizontal accretion analogous to seafloor spreading. However,

full development of horizontal crustal accretion is difficult to envision because of the

depth and temperature of melting necessary to generate basaltic crust so much thicker
than terrestrial oceanic crust. In addition, the bulk composition of the crust must be

picritic to komatiitic and a late global flooding event must conceal features diagnostic

of earlier lithospheric recycling. Alternatively, a dry, stiff upper mantle may have

allowed only limited horizontal movements, and vertical accretion dominated crustal

generation. A tholeiitic to picritic crust could be formed at numerous regional centers

of lithospheric extension during episodes of global activity. During periods of global

quiescence, alkali basalts would be a significant melt component produced by minor

stretching of a thick lithosphere or plume melting beneath a rigid lid. Recycling of

crust is possible but not necessary in this model. The present crust is probably too thin

to be globally limited by densification and detachment due to the granulite/eclogite

phase transitions, but such controls, especially locally, cannot be ruled out. Efficient
distribution of magma or subsequent solid-state creep is necessary to inhibit large per-

manent lateral variations in crustal thickness under vertical accretion. Contemporary

crustal production is 0.01 to 0.4 km3yr -t, less than or equal to the intraplate crustal

formation rate of Earth.
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llw crunt of ;l moon or phmct Lsa thin outer layer Ihnt dill,.U", imukcdly m

t_.Oiiil/O:,,illtlll lrt]lll lilt" illlcri{Ir ilnLI trt)lll Ihc C()lllpO'-,iliOM tll In|_' t't[illltHdi_.|[

sohtr ncl_uh| ¢l'aylor 19b;9). II ttnrthcr concctllratc_, :,i/c_tblc tn_lcluon- ol the

i_l;ulclar\- I_tltl_cl o1 i|lco|lll_:.tlibl',r elenlcnls. The crusl is ;.i cllcllliu_ll bt,und_u }

htycr iormcd by internal diflcrentiation under a variety ol melting I+,t̀ _.u'n'_-"
and is distract from the mechanical boundary laver t_t lithosphere. P,cu ,,use ol

the co|nplexity o1 silicate phase relations, a range of c|unt;d miuet;thlglCn in

produced on rocky worlds. No such distinctions have yet bccn dcmon,,tt:ltcd

R_r the icy moons.
Due to its similar bulk properties with Earth. Venus has been expected 1o

show evidence for a similar thcrmal history and perhaps a comparable record

of crustal differentiation. A variety of experimental and theore!ic:d cfftuls

based on Pioneer Venus IPV), Venera. and Vega orbital and surface data lit-

tempted to constrain the composition, volume, and differentiation hi,,Iory of
the crust. Geochemical measurements made by a series of landers between

1973 and 1986 were largely consistent with a basaltic surface (Barsukov

1992). In the first Venus volume, McGill et al. (1982) explored differences in
the rock cycle and hypsograms between Earth and Venus. They further deter-

mined that plate boundaries should be visible on Venus if present. Grimm and
Solomon (1988) used geodynamic methods to determine the crustal thickness

and inferred that the total crustal volumes of Earth and Venus were simi-

lar. They concluded that either Venus generated crust slowly or that some
form of crustal recycling had occurred. Hess and Head (1990) discussed the

compositions expected from a variety of crustal differentiation mechanisms.

They found that, in spite of the hypothesized lack of water in the crust and
mantle, no major Earth-like igneous suites could be excluded, although some

systematic differences should be present. Head (1990) summarized many of

these pre-Magellan ideas.
Perhaps the most startling result from Magellan is the implication from

the cratering record that Venus underwent rapid resurfacing at or before sev-
eral hundred million years ago, which then sharply declined (Schaber et al.

1992). Geodynamic models seek to understand the internal processes respon-
sible for this abrupt transition, and to determine whether such changes are

monotonic or episodic (Arkani-Hamed et ai. 1993; Turcotte 1993; Parmentier
and Hess 1992; chapter by Schubert et al.). Although Magellan gathered no

primary geochemical data, these results have profoundly influenced geophys-
ical concepts on the mechanisms, timing, and rate of crustal formation. In

particular, the abandonment of a strictly uniform|tar|an perspective means that
contemporary crustal production and recycling processes may be different, or

least operate at a much reduced rate, than in the past.
In this chapter, we examine the crust of Venus in light of the Magellan

results. As just mentioned, these data have a greater geophysical than geo-

chemical impact, so our emphasis follows. We first review the mechanisms

of c
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TIlE CRtlST ()F VF.NUS
12O7

ol crustal 10rmation, both for terrestrial planets m general ar:d k rct_t I_ i t_ t _:_ r I

licular. We re-assess the different kinds of evidence for cru_,tal compositions

q_l_Vcnus. Wc analyze several methods tot determining the cruslal thickness

(arid volttnle'l of the planet, and compare to the Earlh. Lastly..a c ptc,_c['fl three

allcmativc hyl_otheses for crustal production and recycling ,m Vclms in the

pasl atld estimalc the recent tale of crustal lormalion.

11. CRUSTAl. FORMATION ()N TIlE TERRESTRIAl- PI.ANETS

Taylor (1989) classified planetary crusts into three broad categories. A pri-

mary crust is formed by nearly complete melting and then subsequcnt crystal

fractionation of the upper mantle during the late stages of accretion. For the

Moon, the prilnary crust consists mostly of anorthosite which, according to the

magma ocean hypothesis, formed by the flotation of calcic plagioclase over a

global magma system (see Warren and Kallemeyn 1993, for an update). It is

generally agreed that the magma system must have been large, as the AI203

content residing in the primary crust probably represents > 70% of the global

inventory (Wood 1986; O'Neill 1991). But how likely is it that the Earth or

Venus once developed a stable primary crust? Taylor (1989) pointed out sev-

eral reasons why Earth probably lacked an early anorthositic crust. The most

relevant of these to the ensuing discussion of Venus is that plagioclase is not a

liquidus phase in basalt melts above _ 1 GPa. These pressures correspond to

depths of <40 km on Venus and Earth but up to 200 km on the Moon. Thus,

the depth range on Venus and Earth over which to form stable anorthosite

crust by crystal flotation is very limited, primary anorthositic crust has been

confirmed only for the Moon. Such a crust is likely to have formed on Mer-

cury and has been inferred from spectroscopic measurements (Jeanloz et al.

1995). At present there is no evidence for primary crust on Mars; spectro-

scopic observations suggest Mars is dominated by oxidized basalts and other

alteration products (Soderblom i 992).

Secondary crusts are the result of regional, rather than global, melting

and differentiation of the upper mantle. For silicate planets, this crust is

overwhelmingly basaltic for the simple reason that basalt is the product of

pressure-release partial melting of peridotite, which is expected to dominate

the bulk composition of the mantles of the terrestrial planets. The exact com-

position is a function of the temperature at which melting is initiated and the

degree of partial melting. Pressure-release melting is a consequence of man-

tle upwelling and/or lithospheric stretching. Terrestrial seafloor spreading

forms prodigious quantities of secondary crust. Furthen'r_re, seismic con-

straints on the continental crust (Christensen and Mooney 1995) and mass-

balance calculations for island arcs (DeBari and Sleep 1991) indicate that

upper intermediate-to-silicic rocks are in both cases underlain by mafic rocks,

which could represent additional formation of secondary crust. Sample anal-

yses have confirmed the presence of basaltic secondary crusts on the Moon,
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Venus, and Mars: the morphology of plain', regions on Mercury suggc',l', that

low-viscosity basalts may bc present there also I gpt,di_, and (;uesl 19gg).

*l'erliary crusts are [Ol-lngd by rcmclm_g I)m-cxisting crtisl. Most let

restrial lertiary crust is formed al convergent margins where inching of IIw

peridolile mantle wedge is initialed by Ihc ,*clc_sc of It_,0 hy dch)dration ol
metamorphosed oceanic basaltic crust (tlcss 1999). Undcrl)lating and inlru
sion of continental crust Oll Earth by basallic magma has also been invoked a_

a mechanism to initiate magmatism in a wtriety of tectonic settings (I lildreth

and Moorbath 1988). The remelting of subducted basaltic crust itself is a more

contentious issue, although generation of trondhjemite-tonalite-dacitc |nelt_

from relatively young subducted plates seems to be a reasonable hypothesis

(Drummond and Defant 1990). Nonetheless, the key to the formation of an-

desitic tertiary crust on Earth is the ability to recycle HxO-rich volatiles into
the mantle. The existence of large volumes of tertiary crust on Venus anti,

indeed on other planets, will most likely depend on the same variables.

II1. EXPECTED CRUSTAL COMPOSITIONS ON VENUS

Hess and Head (1990) gave a comprehensive summary of the petrogenetic

constraints on crustal formation on Venus. Here we briefly summarize and

expand upon this work, reorganizing the discussion to follow more closely

Taylor's framework outlined above.
Venus does not display any elevated regions of distinctly higher crater

density analogous to the lunar highlands that may indicate primary crust pre-
served since just after planetary formation. Furthermore, the young average

impact crater retention age---comparable to the average age of the surface of
the Earth_indicates a vigorous geological history. Therefore it is probable

that primary crust has been completely recycled sometime over the last 4 Gyr.

Alternatively, stable primary crust may never have formed on Venus, as Taylor

argues for the Earth. However, we note that the present evidence cannot com-

pletely exclude pockets of primary crust; direct geochemical measurements
are sparse, and crater retention ages do not correspond to crystallization ages
where the surface has been strongly reworked, as in the highly deformed

"complex ridged terrain" or tessera. We are not suggesting that tessera actu-

ally are primary crust, merely that crater retention ages are not indicators of

crustal composition.
Bulk density and cosmogenic arguments predict that the mantle composi-

tion of Venus should be broadly similar to the Earth's (BVSP 1981) and hence

the mantle should be peridotitic. Basalts are therefore expected as primary

regional mantle melts forming secondary crust. A key parameter controlling

the composition and amount of melt is the mantle potential temperature Tt,,
defined as the temperature that adiabatically upwelling material would reach

at the planetary surface if it did not melt (see, e.g., McKenzie and Bickle

1988). The potential temperature is constant along an adiabat, whereas the

actual temperature varies. Depending on Tt, and the amount of upwelling, the
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iount of upwelling, the

full langc ol _,lllpo-,itloll Itotu qtlltlt/ Ih.lciitcs (/)," 14(X) K) It) komatiilcs

(7,- I g(ffl K) u;ul bc lm_dtwt-'d. The I)l'CXCl|Cc o1 volatilcs, however, has sig-

ililic;llll clfc_ t,, (_11the I/k'lIIIl_ regime. The role of 1120 is not only It) IOWCl

tIw ,,olidux IcIIlI)ClalUlC, [_tll Also It) Illakc lie;H solidus nleIts less olivine-

ilOlinalivc ctmlJ)alctl to ttlc dly _ystcm. l'hc i)lcscncc of COz has tile nlOSl

dt,flllalic cllccl at ['_tc_,n_llCn glc;tlCl lit;HI ;d')ottl 2 (;I)a. Near-solidus melts arc

iiiOl-C olivillC-llt)l-nl;lli', c ill ;i ("()2 alnto:gphcl-C COlllpttlcd to the dry system. At

w'rv small dc_t-ces of inciting, nuongly Si()_,-undcrsaturated melts rartging ill

cor(aposition irOlll alkali ba_alts Io kilnbcrlitcs and even carbonatites can be

produced. K:utla (1990,19931 has argued that the lack of a moon-forming

impact on Venus may have left it with an appreciable volatile content in the

lower mantle.

Recvclin_ of secondary basaltic crust call produce a range of tertiary

crusts dcpcnd_ing on the depth of melting and the wtlatile content. For shal-

low undcrthrusting and rcmelting of basalt under dry reducing conditions,

fcrrobasalt melts arc expected for modest degrees of melting (pressures less

than about 1.0 to 1.5 GPa and melt fractions greater than about 0.1). Silica-rich

melts could result at smaller degrees of melting but these would be difficult to

erupt. Such melts can be obtained at larger degrees of melting of basalt under

more oxidizing conditions, however. At greater depths where basalt converts

to eclogite (P > 1.5 GPa for most basalt compositions), more silica-rich melts

such as trondjhemites, andesites, or even dacites are formed (Johnston 1986).

Melting tholeiite basalt with H20 or even a CO2-H20 fluid causes the solidus

to be depressed by several hundreds of degrees and generates near-solidus

S iO2-enriched melts. Baker and Eggler (1987), for example, produced dacite

melt with CO2-H20 fluids containing less than 25% H20 at pressures less

than 0.8 GPa. The effects of melting basalt in a pure CO2 atmosphere are not

well constrained, however. See Hess and Head (1990) for a more extensive

discussion on the origin of silicic magmas.

IV. INFERENCES OF CRUSTAL COMPOSITION

There are two broad classes of evidence that have been used as indicators

of crustal compositions on Venus. The first consists of direct measurements

of elemental or oxide abundances from the Venera landers. The second

class consists of indirect inferences from geomorphology, particularly the

characteristics of lava flows. We will review these approaches in detail, as

well as other suggestions derived from gravity and topography.

A. Lander Measurements

The most direct evidence for the compositions of crustal rocks on Venus

has been provided by seven spacecraft with geochemical instruments that

were successfully landed on Venus by the former Soviet Union between 1972

and 1986 (Vinogradov et al. 1973; Surkov 1977,1986; Surkov et al. 1984).

Gamma-ray spectrometers (GRS) were carried on five spacecraft and X-ray
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flourescencc (XRF) IlI'-;IILIIIYCIII', WCI'C_d_oard three: the X,"c_,_2 5,l;.lliOII ha(J

both. For convenic_lcc, the hmdmg siles are shown m Fig. I a_ld Ihc I_rincip al

results are summarized m Table I.
A major outstanding qucslion for Ihe surface imucriMs sampled by the

landers ix what part t_l Ihc rock cycle they represent. The K/tJ ;rod K[l'h ratios

of the Venus samples _Lrcsimil;_r to those of terrestrial wdc;taics, hul match

the SNC meteorites and Martian sam[ les even more closely. The K/U ratios

are distinct, however, from those of lunar basalts and eucri_¢s. A signilicant

observation is that the K/U ratios are within a factor of 3 of each other. This

relative constancy ix mlportanl because near-surface metamorphic processes

apparently have not metasomatically altered the relative abundances of K,U
and Th by more than a factor of 3. If this conclusion is correct then the K/U
ratios reltect the original bulk composition of the rocks. The ratios imply that

the volatile-refractory element inventory of Venus is more like that of Mars

and Earth than the Moon or the eucrite parent bodies. Evidence presented

below supports this hnportant conclusion.
While the major oxide compositions of the Venusian rocks are broadly

basaltic (see below), stronger conclusions are difficult to make with confi-

dence. Three serious uncertainties exist. First, the stated analytical errors

are very large, and the disagreement in potassium abundance between the
two instruments on Vega 2 suggests additional uncertainty (Table I). An im-

portant parameter describing basaltic rocks is the magnesium number, Mg* =
MgO/(MgO+FeO). Typically, Mg* = 0.6 to 0.7 for primitive terrestrial basaits.
At face value, Mg* from the Venera and Vega measurements is certainly con-

sistent with terrestrial basalts, implying that Mg" for the Venusian mantle is
similar to terrestrial peridotite. But to calculate Mg*, we need ferric as well as

ferrous iron, i.e., the Fe203 concentration in addition to FeO. Given that the

basaltic rocks are chemically weathered, the FeO/Fe203 ratio, even if known,

would not constrain Mg* of the Venusian mantle. We conclude, therefore, that

such critical measures of igneous petrogenesis are not adequately constrained

by the lander measurements.
A second uncertainty is that the samples analyzed are regolith and not

intact bedrock. There is no guarantee that these two are equivalent in com-

position. Venera 9, 10, 13 and 14 panaramas show subhorizontally layered,
slab-like rocks. Materials at the Venera 13 and 14 landing sites have low

bearing capacity, low density (1.15-1.5 gcm -3) and high porosity (_50%)

(Zolotov and Volkov 1992). Evidence for physical weathering is widespread
in the panoramas and includes the presence of detrital slabs, fractures, and

fine-grained soils between the slabs and dust deposits (Zolotov and Volkov
1992). The distributed occurrence of wind streaks on Venus indicates that ae-

olian processes operate widely (Greeley et al. 1992). Basilevsky et al. (1985)
concluded that the Venera 13 and 14 surface panoramas show volcaniclastic

metasediments (cf., Garvin et al. 1984). Hence the samples may not represent

pristine igneous rocks but may have been adulterated to various degrees by

physical processes.
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The I:.ISl alld perhaps lllt_xl ,,Cl-ii_ll_ c-OllCClll i_ that [hc'_,c' _cttilllCll[_> ;ilO ilol

Iralzmcn[:_ of igncoLIS rocks I_tll ;.llC in_lcad COlllpt)scd _.ll" lllCl;llnlirphic; IOCk_.

Thcrn;odynanlic calcula[ioil_ I_rcdicl [hal basalt_ will reac'[ with Ihc he[ and

catl_[ic allnO,_t)hcrc to produce new >,ccondar)' nlinerals (Volkov el al. I t)g()).

Tcrrc_[rially wca[hered and nicl;illlorphosod basic to uItranlalic rocks; nol only

_ulfcr a c-hange in nlilleralt)£} htl[ Lll<,(I ii1 chen_ical eOml)osi[ion. No[c lha[ tile

SO_ c;onlcnl of the Vcnl.i,_ian rcgoliih is elevated, proving [hal sulfur has been

added. What other elements hilve been added, rnobJlized, or subtraclcd?

It is well known from the comparison of n_etamorphosed and fresh ter-

restrial basalts and komatiites tBeswick 1982) that elements such as Ca, the

alkalis, and Si are mobilized during even modest metamorphic proccsses. In

contrast, elements such as AI or Ti appear to be unaffected by such metamor-

phic overprints. It is curious, therefore, that the basalts of Venus have low

CaO contents and low CaO/AIzO3 ratios when compared to their terrestrial

counterparts. There is a strong possibility that CaO has been lost relative to

AI203 in the Venusian regolith. If CaO has been redistributed, other elements

such as K and Si may have suffered a similar fate. Attempts to use these ele-

ments (and others) to constrain petrogenesis may be fraught with incalculable

error. But do such processes operate on Venus?

The metasomatic effects observed in terrestrial komatiites and basalts

are largely due to the transport of geochemical materials by H_O-rich fluids.

In contrast, Venus rocks in equilibrium with the atmosphere should contain

relatively anhydrous minerals given the low H20 contents (_ 100 ppm) and

high temperatures of the atmosphere (Zolotov and Volkov 1992). But this

conclusion does not necessarily apply to the interiors of volcanic flows or ash

deposits. Bubble formation of H_O-rich fluids is hindered on Venus because

of the high atmospheric pressures. The solubility of H_O in basalt melts is

roughly 1% by weight at 100 bar, the atmospheric pressure on Venus. This

constraint means that basalt melts with smaller amounts of dissolved H20 (as is

true for the vast majority of ocean floor and ocean island basalts on Earth) will

not exsolve H_O. The HzO in these melts will be trapped in glass (quenched

melt) or will exsolve from these melts after extended crystallization brings

the melt to the H_O solubility limit. Under the ambient conditions, the rock

should crystallize to greenschist facies mineralogy (chlorite, epidote, micas).

During this re-crystallization or during late stage exsolution of volatiles, H_O-

rich fluid is capable of migrating through the rock or ash column, producing

just those metasomatic effects alluded to above. It should also be noted that

Arvidson et al. (1992) have inferred from radar signatures that over 1 m of

erosion or degradation has occurred in the oldest rocks. If correct, the rocks

analyzed by Venera and Vega may have originally been in the interior of

basalts or ash flows and would have recently been exposed to the atmosphere.

Such rocks may not be in equilibrium with the atmosphere•

Nonetheless, a number of compositional inferences have been made as-

suming that the ianders did sample relatively unaltered volcanic rocks rep-

resentative of the crust. Whether these conclusions can stand close scrutiny
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ttcl_C_d,, _11one ,, i_rcitltlicc _,conccrrlitlg the alteration of the analyzed sam[_les.

Vcllcr:l 14 is Ih¢ ch_,_c',t allalog to a tholeiite basalt notwithstanding that

;itT_ltlaly,;i_, Iot Na._() is nol awtilablc. If we assume that Na_O is 2 wt%,

Ihcn lilt? :M,dysi_, ',tllns, I_ ;ibout t)8%, _1reasonable total given the analytical

tmcc_tailltics. At lirst gl;lllt:e, the composition of the rock analyzed by Vega 2

:q_pc_trs ,ir_omalous in view of its low silica, TiO:, and K_,O contents. Indeed,

McKcn,'ic ctal. (19t}2_1) suggest that the composition resembles more a cu-

mulus g:_bbro than a tholciilc basalt. But if we add about 2 wt% Na20 to the

_malysis, subtract the sulfur content and renormalize the analysis to 100%,
the SiO_ content becomes roughly 5()% in line with typical tholeiite basalt

(Barsukov 1992). The resulting CaO (8.3%) and TiO2 contents remain on

the low side compared to most terrestrial basalts, however. A plutonic origin

for this rock cannot be discounted but considering the analytical difficulties

this interpretation is highly unconstrained. The analysis of the composition
of the rock at Venera 13 is characterized by comparatively low silica but very

high K20 contents. The absence of Na20 in the analysis is critical to an

understanding of the petrogenesis of this rock. The compositions of highly

potassic mafic volcanic rocks on terrestrial continental crust typically have
K20/Na20> 1 (by weight), whereas ocean-island SiO2-undersaturated basalts

have K20/Na20< i. K20/TiO2 ratios of 2.5 are more characteristic of ultra-

potassic rocks in continental environments, however (see also McKenzie et al.
1992a). In detail the high MgO and A1203 contents and the low CaO contents

are very unusual and do not characterize the vast majority of terrestrial rocks.

High K was also found by the Venera 8 GRS, as well as elevated U
and Th. Nikolayeva (1990) inferred that this material is intermediate in silica

content and stressed that this differs sharply from the Venera 13 sample, in

spite of a similar potassium concentration. However, we see no reason to

reject the hypothesis that the Venera 8 and Venera 13 sites are similar, as there
were no U or Th measurements for the latter, and so it is possible that all three

large-ion lithophile elements are partitioned similarly. In either case, an early
suggestion that Venera 8 sampled granitic rocks (Vinogradov et al. 1973) now

seems unlikely. We refer the reader to Barsukov (1992) and the references

therein for more detailed speculations about petrogenesis.

B. Volcanic Morphology

it has long been recognized that the morphology of many volcanic structures
on Venus, such as shield volcanoes and very long flows, indicate low-viscosity,

effusive eruptions which are in turn characteristic of basaits (Masursky et al.

1980; Barsukov et al. 1986; Head et al. 1992). Such features account for the

vast majority of cataloged volcanic landforms on the planet. However, two
uncommon classes of structures suggest both extremely low-viscosity lavas

and high-viscosity lavas: the canali for the former and the pancake domes
and festoon flows for the latter.

The canali are very long (up to several thousand km), narrow, meandering

channels found at many locations on Venus. Baker et al. (1992) considered
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three alternative hyl}otheses for the operating fluid (ncglccting water): ko-

matiitic lava, carbonatitc lava, or liquid sulfur. They did not faw}r komatiite

on lhe basis that its high eruption temperature would also promote rapid

cooling and freezing of the lava, before it could producc a long channel.

I lowcver, they did acknowledge that a combination of low viscosily, high dis-

chargc, warm atmosf, hcric conditions, and thermal insulation by a solidified

roof (now collapsed) might achieve low cooling rates. Gregg and Greeley

(1993) have since shown that such insulating processes might act efficiently

on Venus, obviating the problems of rapid cooling. Indeed, hmar rilles, which

are comparable to if not as long as the Venusian canali, were formed from

mare basalts, lavas which were very hot and fluid. Carbonatites are predicted

as near-solidus melts for deep primary melts in the presence of CO2 (Hess and

Head 1990). Sulfur is also reasonably abundant in the Venera XRF analyses.

However, Kaula (1993) has pointed out that it may be difficult to concen-

trate a large amount of low-melting point material• D. McKenzie (personal

communication) has suggested that there is no reason to exclude fractionated

tholeiite basalt as a channel-forming fluid. Such lava is a common product of

differentiation and can travel large distances on Earth as surface flows or in

dikes. But to our knowledge, these basalts rarely if ever cut channels into the

continental crust, certainly not on the scale observed on Venus and the Moon.

In contrast, ultramafic lavas on the Moon, the low and high TiO2 mare basalts,

produce very long rilles. The simplest hypothesis is that silicate magmas were

responsible for the channels and these were magnesian in composition with

affinities to picrite or komatiite magmas.

The pancake domes formally called steep-sided domes---have been

linked as analogs to terrestrial rhyolite domes and are presently considered

the strongest morphological evidence for evolved lavas (Pavri et al. 1992).

McKenzie et al. (1992b) mathematically modeled these structures as single

effusions of a Newtonian fluid and concluded that the inferred high viscos-

ity could be satisfied only by very silica-rich lavas such as dry rhyolite.

There are several potential objections to this conclusion, however. Fink et

al. (1993) compared the morphology of the steep-sided domes to several ter-

restrial analogs, and found that high aspect ratios are a feature of episodic

rather than continuous effusions. Such episodic eruptions are, however, char-

acteristic of silicic lavas. More recently, Bridges (1995) reported on large,

steep-sided basaltic domes on the terrestrial seafloor, which suggests that such

morphology can be dominated by eruption conditions rather than composi-

tion. Gregg and Fink (1995), scaling from laboratory analogs, concluded that

episodic basaltic eruptions or continuous andesitic eruptions could produce

the observed morphology. Magma crystallinity is another factor that could

influence viscosity (Sakimoto and Zuber 1995). Lastly, Ford (1994) found

that the radar-scattering properties of steep-sided domes were similar to those

of the surrounding plains.

Even more rare than the pancake domes are the large, steep-sided, ridged,

radar-bright "festoon" flows. Moore et al. (1992) mapped one such structure
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and reported thai the distribution and morphology ol" its dcp_,,,ils sug_c,,tcd

local magmalic dilfcrcntialion. Using a variety of published scaling rchJli_n',,

they concluded that the breadth and thickness of the flow h,bc _,and Ihc I:,t_c

separations of regularly spaced ridges indicated an intermediate to high ,,llica

content. _td)sequenl laboratory analog experiments <m Ih_w t]]t_rphtdt_g_.

(Oregg and I:ink 1995) and on Fold spacing ((;regg et al. 199.':,) omtly i+t,nl

to an intermediate composition.

In summary, the morphology of Ihe overwhehning inajority of volcalUC

features on Venus indicate basaltic compositions. Although both exotic

volatile fluids and highly silicic lavas have been invoked to explain Ihc few

unusual features, thc possibility that all are silicate melts o1 ullramafic to

intermediatc composition cannot be excluded.

C. Linked Geochemistry and Morphology

Basilevsky el al. (1992) and Weitz and Basilevsky (1993) have examined Ihc

Venera and Vega landing sites in Magellan images. They found steep-sided

domes at the Vcnera g and 13 sites, but not at the others. Although it is un-

likely that these spacecraft actually landed on domes, this result does strongly

suggest that non-tholeiitic compositions are spatially linked to volcanic struc-

tures indicative of somewhat evolved lavas. On a larger scale, however, there

is no evident geological correlation in the locations of these sites: Veneras 13
and 14 landed within _900 km of e.ach other on the eastern flank of Phoebe

Regio. This a very heterogeneous region, composed of several tessera blocks

separated by plains, with later uplift, rifting, and volcanism associated with

the Beta-Thcmis-Aphrodite disturbances. In contrast, Venera 8, _2600 km

farther to the east from Venera 14, lies in regionally unremarkable plains.

D. Other Approaches

One significant difference between Venus and Earth is their fractional distri-

bution of elevation, or hypsometric curve; Venus' is smooth and unimodal,

whereas Earth's is bimodal (Masursky et al. 1980). The split character of

Earth's hypsogram is due of course to the distinct mean elevations of con-

tinents and ocean basins. However, this does not reflect so strongly the

difference in density (composition) between oceanic and continental crust,

but instead simply the thicker crust of the continents. The thickness of the

oceanic crust is a near-constant 6 to 7 km as a consequence of the mechanics

of decompression melting under the same repeating conditions at the mid-

ocean ridge (see below). In contrast, the thickness of the continental crust

is determined by the feedback between erosion and isostasy; erosion rapidly

planes down continental elevations to near the erosional base level (sea level).

Isostatic balance with the adjacent oceanic water and rock column (including

potential differences between the thickness of oceanic and continental litho-

spheres) determines the mean thickness of the continents. This thickness has

changed only slowly with time, as evinced by the near-constant continental

freeboard (Wise 1974; Reymer and Schubert 1984). In the absence of oceans
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.Hid :Ill cro,,ioual b:.ts¢ level, I{arth's hypsogram might be unimodal tMc(iill

ct :tl It,+S2). Ahcmativcly, continental crust could still be magmatically and

tccnmically thickened and renliun high-standing due to the preferential defor-

llKtllI_ll (:'1 weaker ",i[icicCltisl.

(il;l'+.'il',, tll¢;iStll-elnL'nth LIIC tlsed It:. constrain planetary it+ternal density

d.llclcmc',, which might bc tined to scaich for light, felsic CftlSl. []nltlf-

ttmatelv, these tliflercnccs at+e Ioo small 1o detect in the presence of Airy

p,_,,talic compensation: Ihc density difference between marie aud felsic crust

on l{allh (<{).3 Mg m _) is significantly smaller than the contrast between

crust and miultlc (>0.5 Mg m +}. Given comparable vertical intervals rcpre-

senhttive of either the tnean crustal thickness or boundary relief on the molto,

the laUer is likely to dominate any crustal gravity signal. The most likely

scenario in which to detect it difference between mafic and felsic crust would

be if dilfcrences in relief were entirely due to the density contrast between

these materials, i.e., an intracrustal Pratt compensation. Such a mechanism

is unlikely however: Airy isostatic adjustment is rapid on Earth (+ I() a yr).

and is controlled mainly by the viscosity of the upper mantle (Cathles 1975).

lntracrustal isostatic adjustments could dominate only if the mantle could

not respond over the lifetime of the topography, of order 108 yr for Venus.

This would require an upper-mantle viscosity +104 times higher than Earth's,

which is still unlikely even if the mantle of Venus is drier (Kiefer and Hager

1991). Much of the long-wavelength topography on Venus appears to be

dynamically supported (see, e.g., Phillips and Malin 1983), in which case

gravity interpretations are even less sensitive to su_cial density variations.

E. Summary

Detailed peirological inferences about the crust of Venus are hampered by

concerns remaining about the accuracy of the Venera/Vega geochemical mea-

surements and whether or not the surface materials are indeed relatively

unaltered volcanic rocks. Nonetheless, marie to intermediate silica contents

are consistent with all geochemical and geomorphological data. This in-

cludes the two landing sites that apparently sampled more alkaline rocks and

have nearby unusual volcanic structures, and for which no clear regional

geological associations are evident. Any notably non-basaltic composition

suggests that tertiary differentiation has occurred and been preserved. Al-

though unusual volcanic structures appear to be volumetrically minor, it may

be significant that over one-quarter of the landing sites suggest at least some

tertiary crustal differentiation.

V. ESTIMATES OF CRUSTAL THICKNESS AND VOLUME

Although geophysical techniques have not been successful in determining

crustal density (and hence composition), they have provided reasonable es-

timates of crustal thickness. This single measurement in turn places strong
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constraints on mt)(lels of crustal generation. We therefore review these tech

niques in detail. There arc Ihrcc approaches: theoretical considerations based
on the phase rehttions, get,dynamic models, and gravily-lopogral)hy relation-

ships.

A. Theoretical l.imils

The thickness of a gabbroic (basaltic) crust is limited by P-T stability condi-

tions (Fig. 2). P;lrtially molten crust is not likely to be stable lbr hundreds of
millions of years, and so cquilibrium crustal thickness-temperature combina-

tions to the right of the solidus may be ruled out. In addition, gabbroic crust

will transform to denser garnet granulite and then eciogite with increasing

depth and become gravitationally unstable. If the density increases approxi-

mately linearly from _2.9 Mg m -3 to _3.5 Mg m -s across the granulite field

(Namiki and Solomon 1993), then the density of the crust will not exceed

the density of the mantle (3.3-3.4 Mg m -s) until it is fairly near the eclogite

boundary. These considerations limit the thickness of the crust to somewhere
in the range 30 to 100 km, depending on temperature. Note, however, that

these boundaries also depend on bulk composition. The selected curves (lto

and Kennedy, 1971) show the largest separation of the granulite and eclogite

phase boundaries among the measurements summarized by Ringwood (1975).

The full range of compositional variations (shaded region in Fig. 2) then al-

lows the eclogite phase transition to lie practically anywhere between I0 and
100 km. Nonetheless, note also that these boundaries to gabbro stability are

substantially shallower than those originally proposed by Anderson (1980).
Two thermal conditions serve as additional constraints on eclogite sta-

bility. First, this phase transition is unlikely to limit crustal thickness unless

the temperature gradient is <10 to 15 K km -t, as the crust would melt first.

Second, the eclogite phase transition may be kinetically inhibited at low tem-

peratures (Namiki and Solomon 1993; Jull and Arkani-Hamed 1995). The

temperature T* for which this restriction applies over the present surface age
of the planet may be roughly quantified by a simple dimensional analysis.

The expression for ionic diffusion (Namiki and Solomon 1993, their Eq. 2)
has a characteristic time constant t_r2/D, where r is the grain radius and D

is the diffusion constant. Minimum and maximum values for D(T) are given

in Eq. (3) of Namiki and Solomon (1993) and a range of r = 1 to 10 mm was
also chosen by these authors. A lower bound on T* for r = 400 Myr follows

by minimizing r and maximizing D, for which we find T* = 970 K. The max-
imum blocking temperature that will achieve the same diffusion time (given

by the maximum r and minimum D) is 1380 K. This simple dimensional

analysis is in good agreement with Fig. 4 of Namiki and Solomon (1993). For

comparison, Parmentier and Hess (1992) chose T* = 870 to 1070 K.

Although the determination of reaction rate has been approached theo-

retically, quantitative experimental investigation has not followed, primarily
because of the complexity of the reaction mechanisms and because of the slow
rate of reaction. Observations of natural terrestrial eclogite settings may pro-
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Figure 2. Phase boundaries for gabbro, garnet granulite, eclogite, and the gab-
bro solidus on Venus (lto and Kennedy 1971). Shaded region shows range in

granulite-eclogite phase boundary due to differences in composition (Ringwood
1975). Representative equilibrium conductive geotherms of 5, 10, and 20 K km -I
are shown as dashed lines. Granulite and eclogite phase transitions are inhibited at

temperatures below T* over the age of the present Venus surface, _400 Myr. The

range in T* and in the positions of the phase boundaries do not allow controls on
crustal thickness due to phase changes to be specified with confidence.

vide some insight (Herzog and Hess 1996). Terrestrial eclogite samples yield

information about conditions of equilibration through equilibrium mineral

compositions, and information about reaction mechanisms can be gleaned

if textural features indicating partial reaction can be identified• Eclogite-

forming reactions in natural rocks equilibrated at temperatures greater than

750 C usually do not show evidence for fluid infiltration (Ruble 1990). This

may indicate lack of free fluid during reaction, or perhaps, expulsion of fluid

during the early stages of reaction. Some field evidence shows that eclogite-

bearing shear zones alternate on a scale of meters with the dry, unsheared

granulites (Austrheim and Griffin 1985). These features demonstrate that

granulite production is kinetically easier than eclogite because hydrous flu-

ids, which facilitate rapid reaction, may be removed from the rock during

metamorphism of basalt to granulite.

The question dealing with the gabbro-granulite-eelogite transition on

Venus may therefore hinge on the question: how much H20 is contained

in the crust'?. We have argued earlier that volcanic rocks will immobilize

H20 within greenschist facies minerals provided that the HzO content of the

erupted liquids are less than about 1%. This constraint does not apply to
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plutonic mcll_ where tile _,olubility ol tt20 increase-, _ith Dc_,sure. Because

the inlrusi(_u/exlrttsiotli-alto is certainly greater than one avid probably closer

to about I() on Venus (('risp 1994), it follows thai the crust is largely of a

plutonic origin. If true, the 112Ocontent of the cru,,t, particularly the lower

crust, should be higher thai] implied by the relatively dry atlnOsl]here. Studies

of 4liAr and 112() I(]ss are al present very model dependenl, avid no lira1

conclusions have bee_l reached as to whether the interior ol Vent:'; is very dry

(Namiki and Solomon 1995) or has simply not efficiently degassed (Kaula

1990,1993). As the crusl passes into the granulite and eclogite regime a series

of dehydration reactions ensue, releasing H20, enhancing the kinetics of solid

state processes, and hence lowering T*. Whether H_O content of the Venus

crust is sufficient to accelerate the kinetics of the granulite-eclogite transition

is unknown. Other lines of reasoning including the apparent strength of the

Venus crust point to a relatively dry crust (see below).

This discussion illustrates the strong dependence of crustal stability upon

temperature and composition, particularly the H20 content. If the gran-

ulite/eclogite boundary is deep and/or T* is large, then the eclogile transition

might never occur, regardless of crustal thickness. On the other hand, a shal-

low phase boundary and a low T* could globally limit the crustal thickness to

as little as 10 to 20 km. Intermediate values of all parameters lead to limiting

crustal thicknesses _50 km for dT/dz>5 to 10 K km -I. We conclude that

there is insufficient information at present to place a firm limit on crustal

thickness due to phase transitions.

B. Geodynamie Models

These techniques seek to understand the forces that deform a planet's surface

and the physical parameters that control the rate and style of deformation.

In general, these models are responsive to the thickness of the elastic or

mechanical lithosphere and not the crust. However, the "'yield envelope"

concept clearly shows the dependence of lithospheric yield strength upon

crustal thickness and temperature gradient (Kohlstedt et ai. 1995; chapter by

Phillips et al.). Frictional sliding governs the yield strength of the uppermost

lithosphere and is independent of rock composition. However, thermally

activated creep dominates at greater depths and is a strong function of both

temperature and composition. As the crust (even basaltic) contains more weak

feisic minerals than the strong ultramafic mantle, increasing the thickness of

the crust allows more rapid deformation at a fixed stress, or conversely, a

smaller "creep strength" at a specified strain rate. Similarly, creep rates

increase and rocks weaken under higher temperature gradients.

Two classes of geodynamic models have been used to estimate the thick-

ness of the crust of Venus. In the first, Grimm and Solomon (1988) modeled

the isostatic rebound of impact craters as either an elastic or viscous process.

For both models, the topography of craters observed by Venera 15 and 16

constrained the crustal thickness H to < 10 to 20 km for thermal gradients

dT/dz = 10 to 20 K km -_. in essence, the crustal rocks appeared to be too
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weak to Sttl_l_Ort tnl+OgraPh} over geological tinw scale',, and n,, ihe lllt,_lu, ls

required thai Mfong mantle rocks be phtccd relatively oh+so to the _.lllfac¢

The second kind of approach was taken by Zuber (1987) anti P,zmerdl ,tnd

Golonlbck (1988). These workers used elastic, vi,,cous, and pla:,tic rheohL'-'ics

It+ model the characteristic spacings of tectonic stt+tlclUl+eS. In general, the

stinting of structures increases with lilhosphcric thickness. I Im_cvcr, in _, ,me

cases two superimposed wavelengths are apparent, whictl indicates two s_ ,des

of strength in the lithosphere. The shorter spacing is controlled by the stl,mg

upper portion of the crust. The hmger wavelength is thought to arise t turn

the strong upper mantle or the suppression of intermediate _avclength, m

the weak lower crust, depending on the model assumptions. In either ca',c, a

weak lower crust must separate strong upper crust and strong upper mantle.

For such regions of multiple wavelengths, Zuber found tt = 5 to 30 km and

dT/dz<25 K kin-i, whereas Banerdt and Golombek (1988) constrained H

to 5 to 15 km and dT/dz to 10 to 15 K km i.

The crater rebound and tectonic wavelength techniques yielded remark-

ably similar results, thus mutually reinforcing each other. The conclusion

that the crust of Venus was thin, <30 km, was a sharp departure from pre-

vious ideas, especially Anderson's (1980) suggestion that the lower uncom-

pressed density of Venus than Earth could be explained by a very thick crust

(> 100 kin).

Two recent developments call for revision of these results. First of course

are the Magellan images and altimetry, which can be used to revise the crater

isostatic rebound approach by searching for evidence of crater floor uplift and

associated fracturing. In addition, various tectonic structures can be studied to

update deformation wavelength studies. Second, Mackwell et al. (1995) have

performed creep measurements on dry diabase, which may provide a better

analog to the basaltic crust of Venus than previous flow laws. They found

that the strength of crustal rocks under anhydrous conditions can approach

that of the ultramafic mantle. In this case the strength stratification becomes

less distinct, and so crustal thickness constraints cannot be derived (Hillgren

and Melosh 1995; Brown and Grimm 1996a). The overall thickness of the

mechanical lithosphere still depends on dT/dz, however. Future reyision

of the tectonic modeling will determine if the crust and mantle have been

sufficiently decoupled during deformation to produce multiple wavelengths

of structures and hence constrain crustal thickness. This will depend on both

careful inspection of Magellan images to determine if multiple wavelengths

are indeed contemporaneous, and the application of the anhydrous crustal

flow law.

C. Gravity

The improved orbital geometry and tracking of Magellan have allowed gravity

studies to replace geodynamic models as the principal way to infer crustal

thickness on Venus. The main problem is to isolate the part of the gravity signal

due to crustal thickness variations from other contributions to compensation.
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Figure 3. Evidence from gravity for a 20 to 50 km mean crustal thickness. Global
spectral admittance from Konopliv and Sjogrcn (1994), showing short-wavelength

asymptote _25 to 50 kin.

Pioneer Venus showed that long-wavelength gravity and topography are

highly correlated on Venus, which indicates an apparent depth of isostatic

compensation (ADC) of 100 to 200 km (see, e.g., Kiefer et al. 1986). Phillips

and Malin (1983) established that classical Airy isostasy could not support

topography as any variations in crustal thickness at such great depths would

quickly viscously relax and bc eliminated (and the topography along with it).
We note that this analysis has not been rigorously upheld in the post-Magellan

view of Venus, in which the crust is thought to be significantly stronger (see

above) and in which thermal gradients may be as low as 5 K km -I in a

thermal lithosphere >200 km thick (Sandw¢ll and Schubert 1992; Turcotte

1993). However, simple calculations using the effective viscosity of the crust

(Mackwell et al. 1995) and the relaxation time of compensated topography

(Solomon et al. 1982) suggest that creep will still be activated at depths

comparable to the ADC.
Rejection of crustal isostasy for the long-wavelength topography of Venus

led Phillips and Malin (1983) to propose that compensation was due to thermal

convection within Venus, and so the"hot-spot" model was born. Smrekar and

Phillips (1991 ) further showed that the individual domal volcanic highlands

are the most conspicuous class of deeply compensated features, which further

reinforced the hot-spot model and concepts of thermal/dynamic compensation.

However, these works and others that examined the role of varying both crustal

and thermal lithospheric thickness in order to match gravity and topography

(see, e.g., Banerdt 1986; Williams and Gaddis 1991; Grimm and Phillips

1992; Herrick and Phillips 1992) did not explicitly solve for mean crustal

thickness, hut specified it a priori.
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P,cccnl gravity inodcls h:lvc exploited Ihc hl_hcr i-csolutitm t_l the M:lgcl-

Inn data to show rcliahly the spatial and/or spccii al variations in cllilll)cnsalit)ll

deplh and in somc cases to solve for crustal thlckncss explicitly. Konopliv

and Sjogren (1994) synlhcsizcd Magelhm line-of sight spucccrafI :tccclcra-

lions inlo a sphcrical harmonic model for vctttcal gravity, rising zt spectral

admitlance technitluC (the raliO of gravity to topography in Ihc wavcnumbcr

domain), they calculutcd Ihc ADC as a function o1 wavelength (Fig. 3). Thc

compensation depth is large ut long wavelength-, showing the conlribution of

mantle density wtriations to the support of topography. However, thc short-

wavelength ADC has an asymptote at _25 kin. which Konopliv and Sjogrcn

interpreted as the average crustal thickness. They noted thai improvements to

the gravity models would boost the power at short wavelengths and increase

the apparent crustal thickness; however, they claimed that it would bc unlikely

to exceed 50 kin. This result should be interpreted with some additional cau-

tion, as mantle thermal and/or compositional compensation could still have

an effect across the spectrum. We therefore interpret their 50-kin value as an

upper limit to the crustal thickness.
Simons et al. (1994) also computed spectral admittances from the spher-

ical harmonic model of Konopliv and Sjogren. but used moving windows to

highlight regional variations in compensation. They found short-wavelength

ADCs of"'50 km for several plateau highlands, confirming and extending ear-

lier work by Smrekar and Phillips ( 1991). Kuc inskas and Turcotte (1994) used

a spatial admittance technique to compute a zero-elevation crustal thickness

of 50 km for Ovda and 60 km for Thetis. We believe that the result for Thetis

is influenced by deeper, noncrustal compensation (see below) and so take the

50-kin value to be representative of the crustal thickness calculated by this

method. McKenzie (1994) roughly estimated the crustal thickness at Beta Re-

gio to be _30 km using the residual gravity from a simple space-domain filter

and an estimate of upper crustal extension from radar imagery. However, this

hybrid technique requires additional assumptions about extensional geometry,

particularly that strain throughout the crust is vertically homogeneous.

Phillips (1994) performed a comprehensive study of the compensation of

Atla Regio, a type example of a domal volcanic highland. He solved for the

thicknesses of the crust, elastic lithosphere, and thermal lithosphere by mini-

mizing misfits in the wavenumber domain. Phillips' best-fitting mean crustal

thickness for the short-wavelength portion of the signal was 304-13 km. The

crustal thickness was unbounded for the long-wavelength band. Subsequent

work using an improved gravity model (chapter by Phillips et al.) has failed

to confirm these results, however.

Grimm (1994) focused on the gravity of four plateau-shaped highland

regions. Compensation was partitioned into an upper layer for the crust and

a lower layer representing mantle density variations (thermal or chemical).

Alpha, Tellus, and Ovda Regiones were found to be well fit in the spatial do-

main by essentially complete compensation in a crust of thickness 35 to 45 km

(Fig. 4). A deep component to the compensation of the fourth highland, Thetis
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Figure4. Evidencefromgravityfora20to50kmmeancmstalthickness. Best-fitting
crustal thickness beneath three plateau highlands from Grimm (1994). Isostatic

correction to surrounding plains yields _30 km for all three regions.

Regio, did not allow a unique solution for crustal thickness. Sensitivity stud-

ies examining the size of the study area vs the size of the highland showed that

such results are biased away from the mean H of the study area and towards

the crustal thickness existing below the highland. It is then a simple matter

to correct the derived crustal thickness to that in the surrounding plains under

conditions of Airy isostasy. For "_1 km of average long-wavelength (> 1000

km) relief at Alpha and Tellus Regiones and "-2 km of such topography at

Ovda Regio, the mean crustal thickness in the surrounding plains for all three

regions is _30 kin. Errors and uncertainties allow a range in mean thickness

of at most 20 to 40 km.

The full range of mean crustal thicknesses from these studies is 20 to

50 km. We prefer the 30-km best fit from Grimm (1994) because this study

explicitly attempted to isolate crustal compensation for several widely spaced

tessera, which even competing geological models suggest were formed by

thickened crust (Bindschadler et al. 1992; Phillips et al. 1991). Also note that

all of the quoted values are estimates of the mean, and not the actual range

in crustal thickness: the latter is likely to be comparatively small over most

of Venus, as is evident from the planet's smooth hypsogram, considering that

long-wavelength, deeply compensated topography contributes substantially.

However, several kilometers of relief is associated with some crustally com-

pensated plateau highlands, which require a local thickening of the crust by

_20 to 40 km, i.e., roughly doubling it. The comparatively small area of

crustal plateaus implies that the crustal thickness in the plains is close to the

global average.
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i). Sunmmry: Venusian and Terreslrial Crustal V()lumes

hnl_rovcd gruvity data Iron_ Magelhm have ath+wed more robust estimates _d

liltIllCancrustal Ihickncss (+30 km) over prcviou_ geodvrmmic models. It a_

tmlikely that this lhickncss is globally linlitcd by the gabblo-granulitc-cch_gitc

I)hasc transitions Itowcvcr, the range of compositions and activation IClllpcr-

aturcs for the phasc transition do not allow this hypothesis to be ruled out.

"FABLE !1

Comparison of Crustal Volumes of Venus and Earth"

Venus Earth

Secondary Tertiary Secondary Tertiary

Crust Crust Crust Crust

Present volume 1-2 << I ? 0.5 t' 0.5'

(% of planetary volume)

Recent production rate <4 `/ "_ 20-3(Y 1-6 f

(km t yr- I )

Time-integrated volume ?_ 9 _ 10 h _ 1-2 i

(% of planetary volume)

" Rounded to one significant figure.

b 61% of surface area occupied by oceanic crust (Turcotte and Schubert 1982)
with mean thickness of 6 to 7 km (Reid and Jackson 1981), lower 15 km of

40-km thick continental crust (Christensen and Mooney 1995).

" Upper 25 km of continental crust.
a Head et al. (1992); Bullock et al. (1993); Strom et al. (1994).

" Mean seafloor spreading rate 3.45 km 2 yr-I (Parsons 1982), 0.3 to 4 km 3 yr- i

combined oceanic and continental basaltic intraplate magmatism (Reymer and

Schubert 1984; Crisp 1984; White and McKenzie 1989), mafic portion of arc

magmatism 0.3 to 4 km 3 yr -_ (prior references; one-third to one-half of arc

magmatism from DeBari and Sleep [19911).

f Reymer and Schubert (1984); Crisp (1984); less mafic portion arc magmatism
above.

g Depends on presence of recycling and recurrence interval of "catastrophes."
_' Same rate over 4 Gyr.

Present volume plus recycled sediments, 0.6 km 3 yr- _(Reymer and Schubert

1984) to 2.5+ 1.2 km 3 yr -_ (DePaolo 1983), over 4 Gyr.

The range of estimated mean crustal thicknesses reviewed here suggests

that the basaltic secondary crust of Venus occupies 1 to 2% of the total

planetary volume. This is rather greater than Earth's present basaltic crustal

volume, but is significantly smaller than the amount of secondary crust that

Earth may have produced by seafloor spreading throughout geologic time

(Table II). Earth's time-integrated tertiary crustal production has probably

been limited to a few percent or less of its total volume. The uncertainties in

the composition of the Venus surface from both chemical and morphological

studies (discussed above) preclude a robust estimate of the amount of tertiary

crust on Venus.
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VI. SI,ECULATI{)NS ()N CRLiSIAI, I|ISTORY

We now review ,,omc key inlctcltcc', about tilt: crust of Venus, and examine

how they constlam three altcmati'_¢ models of crustal production and recy-

cling. |?,ccause Ihc el-list ol Vcnu_, ,,cct'u_; to be predominantly basaltic, much

of it appears to have bccn produced by regional dccon-tprcssion of the mantle.

On Earth, this occurs at mid-occatl ridges and hot spots. A combination of

horizontal stretching and vertical upwclliug cmpiaces new crust. Seafloor

spreading involves intinitc lateral strain, and therefore may be described as

an environment of horizontal crustal accretion. In contrast, lateral strains are

generally modest at hot spots (unless they occur on a spreading center, like

Iceland', and so these may be gcncrally characterized as environments of ver-

tical crustal accretion. Ttmsc two environments may generate broadly similar

magmas, but they carry very different implications for the global geology

of Venus.
Although basaltic melts are produced by stretching and upwelling on

regional scales of _ 1000 to 2000 km on Earth (.White and McKenzie 1989), the

apparently random distribution and relatively pristine morphology of impact

craters on Venus indicates a global volcanic flooding event (Schaber et ai.

1992). This synchroneity of plains emplacement does not require that the

whole crust was generated in a short time, but rather that for some time much

less than the crater retention age the entire planetary surface could be reached

by flows and/or intrusions from a melt source. This may have taken the form

of many plumes or sites of extension. At a minimum, the required extrusive

volume is _ 108 kin3, given by the thickness required to just obliterate any

prior cratering record (a few hundred meters to cover crater rims). Given

that intrusions likely outweigh extrusions by an order of magnitude (Crisp

1984), the total volume is probably _ 100 times larger than individual major

continental flood basalt provinces on Earth (Hess 1989; White and McKenzie

1989). The duration of major volcanic floods on Earth is typically only several

Myr, so the number of active plumes or extension sites need only be _10 at

any time. Alternatively, plume heads on Venus might be larger than those

on Earth by a factor of 2 to 3 if the core-mantle thermal boundary layer is

similarly thickened (Herrick and Phillips 1990), which would also lead to

10 sites.
The comparative uniformity of crustal thickness on Venus is also remark-

able. On the Moon, the excavation and isostatic adjustment of impact basins

has left many regional variations in crustal thickness of several tens of km

(Bratt et ai. 1985; Zuber et al. 1994). The hemispheric dichotomy of Mars

has preserved comparable early-formed differences in crustal thickness on.an

even larger scale (Balmino et al. 1982). However, the larger, more acuve

terrestrial planets Venus and Earth have several mechanisms with which to

smooth crustal thickness variations. As discussed above, the thicknesses of

Earth's oceanic and continental crusts are determined by the mechanics of

decompression melting and by isostatic adjustment in the presence of an ero-
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siena[ base level, respectively. As there are no oceans on \'cmts. there ix uo
lixed erosional isostalic adjustment, Seafloor spreading is thcrcfolc the only

global process by which to attain uniformity of crustal thickucss on Vent, s.
However, the large size of plains-feinting lava flows and the presence of long

lava channels (Head et al. 1992; Baker et al. 1992) st, ggesls lhal low-viscosity

[avas traveled hundreds or even thousands of kin, atnd lineaments interpreted

as dikc swarms cover comparable lengths (McKcnzic ct al I t)92_ : (kostils

and Head 1994). Therefore the crust of Venus could have been built up close

to true hydrostatic equilibrium- Alternatively, viscous relaxation may have
acted to smooth out variations in crustal thickness caused by lateral variations

in vertical crustal accretion (Masursky et al. 1980). Both lateral distribution

of magma by dike swarms and collapse of topography by solid-state creep are

effective on Earth as well.
Lastly, the mean thickness of the crust places some constraints on crustal

origins. As just mentioned in the context of terrestrial oceanic crust, the
thickness of primary melt and its approximate composition as it function of

mantle temperature, thickness of the mechanical lithosphere, and amount of

extension is now well understood (see, e.g., McKenzie 1984; McKenzie and

Bickle 1988). These ideas have been previously applied to Venus (Sotin et al.

1989; Solomon and Head 1991), but the implications of a thicker crust have

not been assessed.
These observations constrain three alternative end-member models for

crustal creation and destruction on Venus: (1) horizontal accretion and re-

cycling; (2) vertical accretion with no recycling; and (3) vertical accretion

and recycling.

A. Horizontal Accretion and Recycling

Lateral movements of a sufficiently large scale to dominate crustal generation

would have been associated with global lithospheric recycling (note that we
• in uish lithospberic recycling in general from plate tectonics in particular,

dtst _orkers have called for periods of"plate tectonics' on Venus, but the
other
specific geometric form of any such lithospheric recycling is unknown). Sec-
ondary crust would dominate the crustal production budget, as on Earth. Also

by analogy with the Earth, large-scale lateral recycling may have destroyed

any primary crust, if such crust ever formed. Tertiary crust may be produced
at convergent margins where secondary crust is remelted and therefore should

be spatially distributed in some pattern marking former convergent zones.
Arkani-Harned et al. (1993) have suggested that the present surface of

Venus records a permanent end to lithospheric recycling, when the secular

decline in heat flow changed the mode of mantle convection from oscillatory

to steady. Turcotte (1993) has called for episodes of lithospheric recycling

separating periods of one-plate quiescence on Venus. The active mode is

brought on by overcooling and thickening of the thermal boundary layer,
which subsequently detaches. In fact, Turcotte's one-dimensional model does

not specify what the planform of surface movements would be, whether they
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would l_ conlincd to regional dclimmttions associalcd with _,,_k_,_ IHI.,

spheric diapirs and the as:,,t:,ciated warm upwellings lilliug them. t. ,.,.huHw,

large-scale lateral movcmcl_ts would truly develop. I lcad ct :_1 (I'I'HI h:_,.¢'

f_oinlcd out these same i:,.sucs of horizontal scale irt the comcxl el th,: ,._,H_
breed cllcmical/Ihcrmal boundary layer detachment model ot I_:umcntlct ,rod

Hess { 1992). However, lIfts I;.lller model relies explicitly oil vc.ti{,d u lu,,t:d

accretion amt will bc di.,,;cu.ssed below.

The parameters required to produce 20 to 50 km of inch at ,,l_Icading

centers are fairly straightforward to calculate. We closely follow McKcnz_c's

(1984) foroaulation and adopt the dry solidus curve (DI6) and ,tn cntlul_y

change during inching of 360 J kg -I K -t given in that paper. LJ[_clling

mantle follows an adiabat delined by a specified value of the mantle [)olcn-

tial temperature T/, (delincd earlier), and this trajectory changes where the

solidus is crossed. The total melt thickness is determined by integrating the

melt weight fraction as a function of depth and converting to porosity, l:or

infinite extension at a spreading center, there are no other major parameters;

at intraplate hot spots, the thickness of the lithosphere and the amount of

extension are also considered (see below). Several other factors that could

affect the net crustal thickness are ignored by this model, including mecha-

nisms of melt access to the surface, the role of a rigid lid, and equilibrium vs

fractional melting.

The heavy line plotted in Fig. 5 agrees with previous work and illus-

trates the temperature dependence of crustal thickness produced by adiabatic

decompression. The nominal 6 to 7 km thick terrestrial oceanic crust is pro-

duced by infinite extension of mantle at Tt,_1600 K (McKenzie and Bickle

1988; note that small differences of some tens of Keivins exist between the

referenced study and the present work due to differences in the solidus relation

and because the gravity of Venus is used throughout). If the mantle of Venus

were only 100 K hotter than Earth's, as predicted from parameterized convec-

tion theory (Kaula and Phillips 1981; Stevenson et al. 1983), then _15 km of

melt would be produced (Sotin et al. 1989). However, a 30-km mean crustal

thickness on Venus requires T t, = 1800 K, about 100 K hotter than expected.

The error bounds on mean crustal thickness allow a range of Tp = 1700 to

1900 K. As a rule of thumb, the crustal thickness produced by lithospheric

divergence approximately doubles with each 100 K increment in Tp.

The compositional implications of this model agree well with gross vol-

canic morphology and are marginally consistent with lander geochemical

data. The parameterized approach to predicting melt composition of McKen-

zie and Bickle (1988) suggests a range in bulk MgO of'-.- 174-4%, i.e., picritic

to komatiitic. Certainly the low-viscosity lavas inferred from volcanic mor-

phologies are consistent with highly marie compositions (see above). The

mean MgO measured by Venera 13, 14 and Vega 2 is 104-5%. Given the un-

certainties in the experimental methods, in possible alteration of the surface

rocks, and in the theory itself, we cannot rule out the possibility of more marie

compositions in agreement with this model.
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Figure 5. Basaltic crustal generation on Venus. For horizontal accrcl,ion at spreading
centers (fl = _). the best estimate of mean crustal thickness of Venus requires a
mantle _200 K hotter than Earth's. However, the depth at which melting begins must

also be much larger, suggesting that spreading centers on Venus must be actively

driven by hot plumes in this scenario. Alternatively, crust could be generated in

multiple epsiodes of vertical accretion; melt thicknesses of several km at a time can

be generated from modest thinning (17 = 1.5) of mechanical lithospheres L initially
50 to IO0 km thick at mantle potential temperatures only 100 K hotter than Earth.

The larger value of Tp implies not only a hotter mantle, but a greater

depth at which melting begins (approximately 140 km at T o = 1800 K). Such

deep melting is indicative of hot jets or mantle plumes. Indeed, McKenzie and

B ickle (1988) quote H _30 km and Tt,_ 1800 K as characteristic of terrestrial

plumes producing oceanic plateaus such as Iceland. Presumably, such plumes

on Venus could be even hotter and form more melt (Fig. 6).

A potential flaw in this end-member model is that it requires all of the

crust of Venus to be produced by plumes. All divergent margins would have

to be underlain by hot upwelling sheets. As divergent margins on Earth are

now understood to be the result of passive, or sink-driven, extension rather

than as active upwellings (see, e.g., Forsyth and Uyeda 1975), this scenario

seems unlikely for Venus.

A second problem for all models involving large-scale lateral movement

is the lack of a globally interconnected network of structures indicative of

even "fossil" lithospheric recycling (Solomon et al. 1992). Herrick (1994)

has argued that the lock-up of lithospheric recycling would briefly raise upper

mantle temperatures sufficiently to cause a global melting event and hence

bury most pre-existing structures. We consider this mechanism still somewhat

ad hoc, but there is no better explanation if large-scale lithospheric recycling

or "plate tectonics" is invoked, such as in the models of Arkani-Hamed et
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HORIZONTAL CRUSTAL ACCRETION AND RECYCLING
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Figure 6. Crustal generation on Venus by horizontal accretion and comparison to
Earth. Horizontal model implies crustal recycling.

al. (1993) and Turcotte (1993). We note that statistically significant lateral

gradients in crater density diagnostic of horizontal recycling are not likely
to be found if recycling was geologically rapid. In other words, if most

lithosphere is recycled within 100 Myr, as on Earth, then there will not be a

meaningful age gradient on a surface that is 400 Myr old.

B. Vertical Accretion With No Recycling

This end-member model represents another extreme view of the crust of

Venus, one broadly more analogous to the Moon or Mars than Earth but which

allows episodic global resurfacing (Fig. 7). In this scenario, hotspots formed

by mantle plumes and/or modest lithospheric stretching are the agents of

secondary crustal production. Tertiary crust forms by remelting of secondary
crust, also at hotspots. Without substantial crustal recycling, there is nothing

to eliminate a primary crust, and so we must invoke Taylor's (1989) arguments
that Earth and Venus never formed sufficient quantifies of this crust to stabilize

and preserve it. We view doubtfully the possibility that primary crust could
be buried and embedded in the secondary crust; a primary crust tens of km

thick could be covered by only a veneer of basalt, which would leave Venus

a thinly disguised Moon.
McKenzie and Bickle (1988) have examined the volume and composition

of melt during lithospheric stretching as functions of the initial thickness of the

B°
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VERTICAL CRUSTAL ACCRETION WITHOUT RECYCLING

A. Dunng Episodes of Global Resudacing

3 Generation of several km of new crust;
1 km of topography; complete isostalic

compensation

============================ • ._• -.-..-...... .. " • "" ..... i.-,_v_--_ . 4. Magma Transport or
. ................... .. .............. Viscous Relaxation

retching o1

osphere

2. Mantle upwelling and melting;
tholeiitic to picritic basalts

B. During Quiescent Intervals

3. Flows and shield volcanoes;

partial isostatic compensation

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

er stretching

lithosphere

2. Lesser amount of melting,
LIL-enrichment, alkali basalts

Figure 7. Crustal generation on Venus by vertical accretion, but without recycling.

mechanical lithosphere, the ratio of final to initial surface area/_ (also given

by strain+l), and Tp. Melt production increases with/_, attaining a maximum

when upweiling approaches the surface at a divergent margin (/_ = oo). A

thicker mechanical lithosphere results in lesser melt production.

On Earth, intraplate extension is commonly in the range/_ = 1.2 to 2, the

larger values being typical of distributed stretching of the Basin and Range

(McKenzie and Bickle 1988). Magee and Head (1995) have estimated a mean
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/_ 1.2 for several rift zones on Venus. This apparent _tretchmg Iaclor is a

Iowc= bound, as it has not been corrected for infilliug due to rift-generated

volcalU_m (McKcn/ie and Bickle 19Sg). If up to several km of inch were

added to a crtl_,talready a few tcn_ of km thick,dlen the trtlcvahlcx of It are

likelyto lieinthe range 1.2 to 2.0. Wc adopt /i = 1.5 a_ cxcmphuy (iInot

fullyicprcsentalivc)ofrecent riItmg on Vcnus.

The amount of melt generated at /S = 1.5 as a Iuilctioll of lhe initial

thickness of the mechanical lithosphere l. is shown as a set of dashed lines

in Fig. 5. The present initial thickness of the mechanical lithosphere prior to

stretching could be 100 to 2(X) km (Turcotte 1993; Brown and Grimn_ 1996b).

In this case, passive rifting at the nominal Tl,_1700 K for Venus will gener-

ate little or no melt. If Tp is raised 100 to 200 K due to upwelling plumes,

several km or more of melt may be produced (note that the melt thicknesses

over olumes are likely overestimated for the vertical recycling scenarios as

there'is no rigid lid in the model). In the upper limits of the melting model,

episodes of global plume activity alone may be sufficient to resurface Venus.

Several such events, say, one every several hundred million years, could ver-

tically accrete the crust to its present thickness. In the lower limit, minor

melt production might characterize Venus during quiescent periods. These

conditions are broadly analogous to impingement of mantle plumes upon the

terrestrial continental lithosphere, and therefore alkali basalts are expected to

be included among the primary melts together with other primitive basaltic to

picritic magmas (Fig. 7B). Alternatively, passive extension would dominate

if global resurfacing was driven by lithospheric foundering (Parmentier and

Hess 1992; Turcotte 1993). The "diapir" mode of sinking would be favored

under a vertical crustal accretion model. Kaula (1993) has argued that the

high viscosity of the upper mantle inferred from gravity data would lead to

a predominance of regional- rather than global-scale mantle movements: a

"distributed" convection. He further suggested that a more distributed up-

welling of heat would lead to smaller melt production and a lower crustal

production rate, obviating the need for crustal recycling.
If the mean thickness of the mechanical lithosphere was significantly less

during global resuffacing, say L< 100 km, then extension events at Tt, =

1700 K can each generate several km of melt (Fig. 7A). In comparision to

terrestrial mid-ocean ridges, the hotter mantle temperature of Venus will partly

offset the smaller amount of stretching, and so the comparatively shallow

initiation of melting and similar net melt production should lead to tholeiitic to

picritic compositions. A recurrence interval of several hundred million years

would also be necessary to generate the full thickness of the Venusian crust.

Impingement of multiple plumes upon pre-existing crust, whether during

the same global resurfacing event or in successive ones, may lead to remelting

and the production of tertiary crust. Incompatible elements should be the first

liberated by small degrees of partial melting, thus enhancing K, U, and Th

in the melt products. In the vertical accretion model, tertiary crust should

be randomly distributed across the planet and not confined to zones marking
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i)liOl coilVelgCllI nlargiil, ('ruslal i-cmeltillg could bc fairly COllllllOll, bul

inighl nol piocccd io high degrees of differentiation, If itlc lander geochemical

IIIt'dMllClllell[>, {ll't' rcpl-C_clllalive.

l.aMly, Ihi_ ii_oclel requires :,;011112 illechallisil_ Io -,llloolh oul citlMa[ thick-

IIC>._ varialioils pioduccd by a presufflably arbitrary dislribulion of pluincs

durilig IllUllil_lc cluMal ac:cuelioll eveilis, i\_, tti_ctlSSCd above, this could be

at'ciunplished by lalClal Iransporl of magnl;.l by dikes. MII,,. and Iow-viscosily

tlows durillg cruMal accrclion, or subsequently by viceotis relaxation. Ollc

i)roblein with the hitter idea is that there are i_o obviously relaxed impact

craters, some of which should date to a time of high heat ilow just after global

rcstirfacing (Brown aild Grimm 1996a). These objections nlighl be removed

by allowing impact craters to relax into an isostatic state, from which sub-

sequent rebound slowed, or simply to invoke rcst, rfacing the crater floors by

lava. Nonetheless, lateral magma transport seems to be tile simpler hypothe-

sis.

C. Vertical Accretion With Recycling

This last end-member model differs from the previous model only in that

large amounts of the crust are periodically stripped away and recycled into

the mantle (Fig. 8). Primary crust may have been recycled• Secondary

crust is generated by regional lithospheric stretching and tertiary crust by

remelting of older secondary crust. Vertical recycling is accomplished either

by detachment of eclogite or by lithospheric delamination.

In the model of Parmentier and Hess (1992), crustal thickness is controlled

by both the depth of the eclogite phase transition and by a kinetic blocking

temperature. Both the crust and buoyant melt residuum layer thicken with

time, but the growing residuum layer further isolates the crust from the con-

vecting mantle and lowers the thermal gradient, inhibiting the phase transition

and/or solid-state creep in the lower crust. When the residuum itself is cool

and dense enough to detach, the sudden heat pulse to the crust allows the

eclogite to sink• Crustal recycling must occur in this model, as a sufficient

thickness of crust must be produced so that its complementary residuum can

thicken to the point of cooling and subsequent sinking. The eclogite phase

boundary produces a natural horizon controlling crustal thickness variations,

maintaining a comparatively uniform crustal thickness over time (Fig. 8A).

The predicted range of crustal thickness in the model of Parmentier and

Hess (1992) is greater than that inferred from gravity data. In the model,

crustal thickness oscillates between about 50 and 100 kin, whereas the inferred

thickness of the crust is only 20 to 50 kin. Furthermore, the thinnest crust in

the model occurs just after catastrophic overturn; the higher end of the range

would be more appropriate at present. Recognizing that this preliminary

model was intended only to illustrate a new concept, three alternatives exist

to refine it and reconcile this disparity. First, the melting relation used was

simplified: by not accounting for the increase in solidus temperature with

melting, it over-estimates the amount of melt. Second, the granulite and
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VERTICAL CRUSTAL ACCRETION AND RECYCLING

A. Controlled by Basalt-Granulite-Eclogite Phase Boundaries

1. Magmatic/lectonic thickening

•i-i-i.i.i-i.i-i.i-i.i-i.....-.....- ........... .-... .. ,. Basalt
-_ _, .-,:4._ -h,-...<-_...:._',._.4¢._._,.f__.,,.,_.,._-

Eclogile
.... :... : .,...-:._::.:,-:.:,7,_;:.:._-:_._._:.,,_?i_.

_. ..... .. ,: ,=.....:..:, ......:_.:,.:_,.:;._,-.-
• . .... • : .. :. "-:.,_...: :.:-.t :.::,:_,_:-r._,_...,.._;;,._...:-

2. Densification rate controlled
by volume diffusion

3. Detachment and sinking

controlled by mantle viscosity

B. Controlled by Mantle Convective Stresses

1. Magmatic/tectonic thickening

2

Figure 8. Vertical accretion and recycling models for the crest of Venus.

eclogite phase boundaries could be much shallower than adopted in the model.

As discussed above, the eclogite boundary in particular depends strongly on

composition, and could lie anywhere in the range "-.lO to 100 kin. Third,
in contrast to the basic model, the granulite and eclogite phases may have

little to do with crustal recycling, which may be more strongly controlled by

detachment of the chemical and thermal boundary layers.

Lithospheric delamination can include recycling of both chemical and
thermal boundary layers. Detachment of dense mantle may place fresh, hot
mantle in direct contact with the crust, causing a drastic reduction in viscosity
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and allowing rapid crustal llow. If sufiiciently thinned atnd strclchcd by n'_anllc

flow, even buoyant crust may be recycled (Fig. gB; Lenardic el al I t_93 I.

D. Summary

Of the three end-member models, only horizontal accretion and recycling

can be ruled out, for several reasons. Hot plumes must actively' drive global

lithospheric spreading, in contrast to the passive or sink-driven divergent

margins of Earth. The predicted crustal composition may bc too malic.

Lastly, a "fossil" plate boundary network is predicted but not observed. It is

also difficult to incorporate the horizontal model into a hybrid scenario, unless

the dominant mode of crustal generation has changed over geologic time on

Venus. For example, 15 to 20 km of crust could have been formed during a

prior epoch of lithospheric recycling at Tp = 1700 K. During one or more

episodes of more recent global resurfacing, vertical accretion could contribute

the remaining 10 to 15 km of crust. Herrick's (1994) model is derived in the

limit of a thick crust produced by horizontal accretion and only a thin veneer

of vertically accreted volcanics. Unfortunately, such hypotheses are likely to

remain untestable.

If, however, a uniformitarian perspective is adopted over the geologic his-

tory of Venus_where individual "catastrophic" episodes may be considered

repetitions of a uniformitarian theme---then vertical crustal accretion is likely

to have dominated. In this case, the "tie line" between the two remaining mod-

els depends only on the amount of crustal recycling. Due to the uncertainty

in the position of the eclogite phase boundary, we cannot determine whether

this transition is an important contributor to crustal recycling, and hence what

role, if any, must be assumed by mantle convective flow in stripping the lower

crust. There is no evidence at present to determine whether or not crustal

recycling has occurred.

VII. CONTEMPORARY CRUSTAL FORMATION

A number of workers have attempted to estimate the recent rate of crustal

formation on Venus. Pre-Magellan estimates, based on the rate of impact

crater obliteration by lava infilling (Grimm and Solomon 1987) and equilib-

rium of SO:, reaction with volcanic rocks (Fegley and Prinn 1989), allowed

an extrusive flux up to 1 to 2 km 3 yr -t. This corresponds to 5 to 20 km 3 yr -_

of total crustal production if 5 to 10% of the magma is erupted (Crisp 1984).

The Magellan images have provided much more stringent constraints,

particularly in the pristine morphology and random distribution of impact

craters. Bullock et al. (1993) found that these data could be matched in

Monte Carlo resurfacing simulations only if the post-catastrophe volcanic

flux was <0.4 km3yr -_. The global reconnaissance mapping of Price and

Suppe (1994) revealed that about 15% of the planet represented by volcanoes,
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IIo,*n. and C()lon_.lC had at mean crater retention age of < 100 Nix i. or OltC

third Io onc-qttartcr of global wtluc. This translates to a mea_ rc_,urfacing

1ale of _[).4 km3yr i (asst, ming the cratter retention age is (me-hall of the

maximum agch which in turn implies an extrusive flux <(1+4 km_',i I It_l :1

nmximunl rest,rfaciug depth of 1 kin. Head et al. (1992) sug_c..,Icd ihal the

flux necessary to form tile estirnatcd volumes of individual roy,, and cdilicc',

was <0.1 km_yr I. Strum el al. (1994) favored a comparable upper lilnit to

the extrusive Ilux, 0.15 km3yr i iq the epoch following global resurfacing.

However, these workers further suggested that preserved impact "'splotches"

could limit the resurfacing rate to as little as 0.01 km3yr -I . Using a maximum

volcanic flux of 0.4 km3yr -I , the upper limit to the total crustal prtuluction

rate is 4 km3yr-I; however, the net magmatic flux based on other estimates

could be less than 0.5 km3yr t.

These limits to the recent rate of crustal production on Venus may be com-

pared to the Earth (Table !I) and to model predictions. The rate of crustal ac-

cretion at Earth's divergent margins has been well constrained by the isochron

patterns of the seafloor to 21 to 24 km3yr -I since the early Mesozoic (Par-

sons 1982). Estimates of the rates of continental, arc, and oceanic intraplate

magmatism are subject to much greater uncertainty, however. The contribu-

tion of arc magmatism has been computed to be anywhere from !. I km3yr - J

(Reymer and Schubert 1984) to 8.6 km3yr -i (Crisp 1984). As the lower one-

third to one-half of the arc is mafic (DeBari and Sleep 1991), these volumes

may be crudely partitioned into secondary and tertiary crust. Estimates for

oceanic intraplate magmatism and continental magmatism are also variable,

0.2 to 2.4 km3yr - I and 0.1 to 1.6 krn3yr -I, respectively (Crisp 1984; Reymer

and Schubert 1984). White and McKenzie (1989) assessed the continental

magmatic rate, which is dominated by flood basalt,s, at 0.4 km3yr -' . All told,

the rate of intraplate basaltic magmatism on Earth lies in the range 0.3 to

4.0 km3yr -t .

This range for the intraplate flux of basaltic magma on Earth corresponds

well to the estimated upper limits to recent crustal production rates on Venus;

the total contemporary crustal production rate on Venus therefore is compara-

ble to or less than the rate of intraplate magmatism on Earth. This conclusion

had been suggested prior to Magellan by Phillips et al. ( 1991) and from the first

global volcanic inventory from Magellan by Head et al. (1992). These fluxes

may represent the similar control on the amount of melt generated by mantle

plumes and/or lithospheric stretching in both intraplate and one-plate settings.

These estimates of the crustal production rate on Venus are significantly

lower than the rates predicted by Parmentier and Hess (1992). In their model,

crustal growth occurs at rates of 5 to 50 km 3 yr -I, depending on the time

within the cycle of episodic accretion and detachment. This implies 0.5

to 10 km 3 yr -t of volcanism, which lies beyond the range accepted from

resurfacing studies. As mentioned above, this model presently over estimates

the melt production; a lower rate of magmatism predicted by the model

might also be consistent with a thinner crust. The models of Turcotte (1993)
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and .\rkani-Itamcd el al. (1_)93) make no spccilic predictions about rates of

c_mh'mln_rary crustal Iormalion, bul a terrestrial intraplale analog may bca

likely Upl,cr hound.

VIII. ('()NCI.IJSI(}N

Both geochemical and gcomorphological data indicate that the crust of Venus

is ovcrwhchningly basahic, torming a volume that at present exceeds that

of terrestrial oceanic crust and underplated basaltic rocks. Processes of sec-

nndary crustal generation thus appear to dominate the present surface of Venus

more th;m known for any other planet. Some data have been used by other

workers to in¢licale strongly non-basaltic compositions: the incompatible-

element-enriched Venera 8 and 13 surface materials, the canali, the pancake

domes, and the festoon flows. In contrast, we believe that all of these data

are consistent with basaltic to intermediate compositions, or at least that such

compositions cannot be ruled out at present. In particular, rhyolites and non-

silicate fluids are nowhere required on the surface of Venus. Nonetheless, the

unusual compositions and volcanic structures probably do indicate that some

tertiary crustal differentiation has occurred. Unfortunately, further details on

the volume and composition of tertiary crust still remain unanswered.

Analyses of Magellan gravity data give a range of 20 to 50 km for the

mean crustal thickness; we suggest a value of 30 km. The planet's compar-

atively smooth hypsometry and the deep compensation of long-wavelength

topography further indicate that this thickness is fairly uniform; significant

thickening is present only beneath the large tessera plateau highlands and

some minor thinning may exist beneath the domal volcanic highlands. Global

control of crustal uniformity may be imposed through accretion at divergent

margins, i.e., during a prior epoch of lithospheric recycling on Venus. How-

ever, the required mantle temperature is too high; even if mantle plumes lined

divergent boundaries, temperature heterogeneities would probably lead to sig-

nificant variations in crustal thickness. In addition, the crust would be more

mafic than observed and a late ad hoc burst of global volcanism is necessary

to completely bury structures diagnostic of lithospheric recycling.

Vertical crustal accretion is a more likely alternative. Major episodes of

melting, crustal generation, and resurfacing occur in response to either up-

welling mantle plumes or regional stretching, the latter linked to downweiling

of an old lithosphere. Tholeiitic to picritic basalts are expected under these

conditions. Heterogeneity in crustal thickness would be minimized by intru-

sive lateral transport by dikes and sills and extrusive flow by low-viscosity

lavas. Minor addition to the crust takes place during quiescent periods at

rates up to a few tenths of a cubic km per year, comparable to or less than the

intraplate magmatic rate on Earth. Because of the thick lithosphere and mod-

est stretching at present, alkali basalts are produced, analogous to terrestrial

continental rifts.
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Weareunabletoanswerdelinitivelywhethersignificantcrustalrecycling
basoccuredonVenus.Thisispartlyduetotheuncertaintiesmtilenatureof
tertiarycrustdescribedabove.Italsofollowsfromtheviewthatdensilication
dueto thegarnetgranulileand eclogite phase transitions are the principal

agents of vertical crustal recycling. Given evidence presented here lhat the

crust may be too thin to be limited by these phase boundaries, such recycling

is doubtful, or must be accomplished by other mechanisms.

Based on the inferences about its crustal history presented in this chapter,

Venus has had periods of substantial surface mobility compared to one-plate

planets, resulting in sufficient lithospheric stretching to produce batches of

crust several kilometers or more in thickness at a time. The mechanisms

of one or more such global catastrophes are the subjects of ongoing study.

Nonetheless, it appears that a dry, stiff mantle did not allow the lithosphere

sufficient freedom to produce an interconnected recycling network. Venus

may be more of a "super Mars" and an ever more distant relative of Earth.
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